We propose a new coherent atomic beam splitter that is based on the induced redistribution of photons in the intense field of two collinear standing waves with different frequencies. In the dressed-atom approach, we show that this scheme can provide a clear large-angle splitting into two components without being restricted to the Raman-Nath regime.
A variety of experiments have already demonstrated that laser light can coherently split an atomic beam into different transverse momentum components. [1] [2] [3] [4] [5] For the realization of atom interferometers, 6 it is desirable for one to produce a splitting into only two partial beams with a large momentum separation. The shortcomings of present schemes, which either spread the beam over many components or permit a separation of only a few photon momenta hk, have motivated the search for new, more-efficient beam-splitting schemes. 7 -" Recently Pfau et al. proposed 9 and demonstrated'O a promising magnetooptical (MO) beam splitter, which efficiently populates high-order momentum states by a magnetically induced redistribution of photons between two counterpropagating intense laser beams with orthogonal linear polarizations. Earlier studies on (incoherent) rectified dipole forces '12-5 have shown that this MO scheme, representing a field of two collinear standing waves with opposite circular polarizations that interact with a Zeeman-split transition, is closely related to another configuration: the bichromatic standing light wave (BSLW), in which two collinear standing waves with different frequencies interact with a two-level atom.
In this Letter we propose a coherent atomic-beam splitter that is based on a BSLW (see Fig. 1 ): A beam of two-level atoms intersects a light field composed of two collinearly superimposed standing waves with equal amplitudes and frequencies symmetrically detuned from the transition frequency wo by ± A. The phase relation of the traveling-wave components is chosen in such a way that the nodes of one standing wave coincide with the antinodes of the other one. Let us first give an intuitive picture for the coherent beam splitting in adaption of the model of Voitsekhovich et al." 3 for the stimulated force in a BSLW: The light field can also be regarded as a superposition of two counterpropagating amplitude-modulated waves or, if one modulation beat is interpreted as a light pulse, as two oppositely directed pulse trains. Here the pulse repetition rate is A/7r and the pulse area is given by 4coTj/A, with wT7' denoting the Rabi frequency associated with one singlefrequency traveling-wave component. The phase relation assumed above for the BSLW is equivalent to the condition that the amplitude modulation in the two counterpropagating beams be phase shifted by iT. In this case, one gets a reasonable approximation by neglecting the partial temporal overlap of the corresponding light pulses and assuming their mutally independent action on an atom. For wR~ = (v/4)A, an atom then experiences a series of alternating 7T pulses connected with the absorption of photons from one side and their stimulated reemission into the other direction with a corresponding momentum change of 2hk per time 7r/A. Incoming atoms enter these cycles without preferring a certain direction of photon transfer so that the beam is symmetrically split into two components.
We now consider the proposed configuration in the dressed-atom approach.' 6 We start in the basis of the undressed states Ig, m, n) and le, m, n), representing the combined, uncoupled system of atom and laser field, where the atom is in the ground or in the excited state, respectively, and m photons are in the first laser mode (wo + A) of the bichromatic field and n tively. In addition to these single-photon couplings, multiphoton processes play an important role; processes involving 2j photons, for instance, couple a state Ig, m, n) to the states Ig, m ± j, n + j) with energies Egm9j,nj = Eg,m,n ± 2jhA. This leads to an infinite, coherently coupled ladder of equidistant energy levels (see also Ref. 17) , as shown in Fig. 2 . In the basis of these undressed states, the Hamiltonian 3{ of the coupled system is described by the infinite tridiagonal matrix representing 3f/h -(m + n)coo: (1) where the coupling parameters V+ are given by half the Rabi frequencies of the two field components. For the BSLW these coupling parameters depend on the position and can be written in the form V+(X) = CoR cos(kx + GpI2), (2) where k = coo/c and sp = 2Ac-'x. The relative spatial phase so is a slowly varying function of x and can be regarded as constant over distances small compared with c/(2A).' 5 We here restrict our consideration to s° = v/2, which is the case of interest for symmetrical atomic beam splitting.
We have calculated the position-dependent dressed-state energies, i.e., the eigenvalues of M, by numerical means. For the particular case )R =2 ' where I is a positive or negative integer. The dipole force F = -VE 1 acting on an atom in such a diabatic state is practically independent of the position x and always has the same magnitude (2/r)hkA (with insignificant deviations below ±2% as we have found numerically); the particular state determines only the sign, i.e., the direction of the stimulated photon transfer. We point out that the calculated force is in exact agreement with the simple wr-pulse model presented above; also, the optimum relation for Rabi frequency and detuning given by Eq. (3) This surprisingly simple behavior of the dressedstate optical potentials in the BSLW immediately suggests atomic beam splitting: atoms having entered the light field are coherently divided into two components that are deflected into opposite directions according to the sign of the potential slope. From the uniform slope of the potential lines one can expect a clean splitting into two sharp momentum components.
The close relation of the BSLW to the MO beam splitter 9 "1 0 is reflected in the triangular shape of the adiabatic dressed states. The BSLW, however, overcomes two important restrictions of the MO scheme.
First, the MO splitter, working for a J = 0 to J' = 1 transition, requires an adiabatic evolution of the incoming ground-state atom into the corresponding dressed state with triangular shape in order to avoid a population of the other, unsuited states evolving out of the excited states. This, to some extent, inevitably degrades the performance of the MO splitting scheme. In contrast to this, in the BSLW all dressed states are equally well suited for beam splitting, no state must be avoided, and therefore an adiabatic evolution is not required. Second, the BSLW allows one to achieve much larger momentum splittings than with the MO scheme. This can be explained by the quasi-classical atomic motion in the dressed-state potentials: The MO scheme tolerates a transverse atomic motion only over distances that are small compared with the length A/4 of the E-(m+n)t wo (3) where degeneracy points occur at the standing-wave nodes and antinodes, we have found a remarkable situation: The states I1, m, n; x) and 12, m, n; x) adiabatically evolving from Ig, m, n) and le, m, n), respectively, form an infinite series of triangular potential curves touching one another in such a way (see Fig. 2 ) that a new, diabatic basis can be chosen in which the energy levels are well approximated by straight lines. The corresponding diabatic dressedstate energies are
hIA(2kx+l) lodd straight potential sections. The splitting is therefore restricted principally to the case in which the light field can be considered a thin medium for the atoms, known as the Raman-Nath regime. In the MO scheme, the atoms are confined to the potential wells given by the sinusoidal diabatic states [see Fig. 3(a) ]. For too-long interaction times, the atoms can perform only a channeled motion so that the MO scheme totally fails to produce a clear two component beam splitting. In contrast to this, the atoms in the BSLW are accelerated along the straight diabatic potential lines described by Eq. (4) without any restriction to the optical wavelength [see Fig. 3(b) ]. This possibility of beam splitting beyond the usual Raman-Nath regime can be interpreted in terms of the nonconservation of kinetic energy in the BSLW. In a monochromatic light field, a stimulated redistribution of photons cannot change the kinetic energy of the atom, and the Raman-Nath limitation results as a consequence of the fact that the transverse kinetic energy gained by a deflected atom must be taken from the longitudinal motion. In the bichromatic field, the conservation of kinetic energy is relaxed by the possible redistribution of photons among the two frequency components. This can be seen directly in the acceleration of an atom along a diabatic line: the atom travels through a sequence of adiabatic states where the photon number in the higher-frequency field component decreases and the photon number in the lower-frequency component increases (e.g., I1,m,n;x), 12,m -1,n;x), ll,m -1,n + 1;x),.. .). Obviously, the atom gains kinetic energy by transforming photons h(cwo + A) into photons h(coo -A).
The only principal limitation to the attainable transverse momentum separation in the BSLW is imposed by nonadiabatic transitions if the atomic motion along the that are small compared with the length A/4 of the straight diabatic lines becomes too fast. Without going into details here, we note that this restricts the transverse velocity v. to Ikvu I << A, as can be understood by the adiabatic theorem or, in a complementary way, simply by the Doppler effect's tuning the light field out of resonance.
In conclusion, we have shown that-the BSLW offers the fascinating possibility of coherently splitting an atomic beam into two largely separated transverse momentum components without any restriction to the usual Raman-Nath regime. Thus exceptionally large splittings might be envisaged in future experiments. As an example, for a laser-cooled Ca beam,18 splitting angles of as much as -0.1 rad seem to be possible. This may be useful for the realization of new atom interferometers with ultrahigh sensitivity, e.g., to rotational effects. 3 Another, noninterferometric, application could be the state-selective laser deflection of atomic or even molecular beams without spontaneous emission, i.e., not requiring a closed optical transition scheme.
